a b s t r a c t
As the driest inhabited continent with a highly variable climate, Australia has had a long and evolving history of drought management in agriculture. This paper analyses the changing roles of science in the management of climate risk and uncertainty and how this may continue into the future. Initially science had a role in documenting the underlying nature of Australia's climate, and later broadening the understanding around the drivers of variability so as to provide useful climate forecasts and developing metrics to measure and compare the severity of extreme climatic events. Over time this has shifted to providing effective integrating approaches to enhance social cohesion, rural economies, environmental protection, health, and food security under drought conditions. Institutional responses initially framed drought as a natural disaster, for which State and Federal funding for farmers was distributed; however, the need for farmers to proactively manage climate risk and build adaptive capacity has resulted in climate variability being seen as a risk to be managed as part of normal practise. The formulation of a national drought policy in 1992 placed responsibility for adaptation and education in the hands of the farmers, where science played various roles, including the provision of training for strategic business planning and decision-making, methods of managing uncertainty as well as via delivery of climate data and methods to integrate this into meaningful information that is embedded into the social and institutional processes through which decisions are made. This policy continues to evolve and science inputs will evolve with this. In particular, we anticipate that ongoing and projected climate changes will impact on drought frequency and severity and will require science integrated with stakeholder input into developing climate adaptation practices and technologies and effective adoption paths particularly to deal with climate extremes. A key need will be science that enhances processes of engagement between science, institutions and the agricultural community and is increasingly self-reflective and self-critical.
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A brief history
From the first years of Australia's European colonisation, drought has been an ongoing critical issue (Tench, 1793) . This was not uniquely a European experience but one shown to be a part of Aboriginal community life well before this time (Flood, 2004; Berndt, 1964; McGowan et al., 2012) . The early European settlers had a little experience with climate as variable as that in Australia (Tench, 1793; Henzel, 2007; Gergis et al., 2009 ) and so did not possess the plant varieties, farm management, infrastructure or institutional arrangements to deal with it. Nor did they have the climate records or climatological understanding to allow assessment of the frequency and severity of droughts or to forecast them. In one extract, Tench indicated: "My other remarks on the climate will be short; it is changeable beyond any other I ever heard of; but no phenomena, sufficiently accurate to reckon upon, are found to indicate the approach of alteration" (Tench, 1793) .
Because of the initial dependence of Australia's economy and community on rural industries, and the continued dominance of this land use to now, the impact of climatic variability on Australian agriculture as well as on the broader culture and society has been well documented across time (MacKellar, 1908; Bean, 1910; Heathcote, 1965 Heathcote, , 1973 . Drought has been a particular focus due to its effects on economic and social values and the negative and long-lasting impacts on the natural resource base (McKeon et al., 2004 (BoM, 2013; DAFF, 2011) .
The development of effective climate records and analysis over the century following colonisation by early climatologists such as Jevons (1858) and Russell and Krefft (1877) started to provide the basis for climate risk management which has progressed to the current time (Gergis, 2008 (Gergis, , 2009 Gergis et al., 2009 Gergis et al., , 2010a Gergis et al., , 2010b . Insightful analysis by climate applications pioneers such as George Goyder started to integrate this emerging climate information with soil and vegetation characteristics to assess agricultural production risk and landuse capability in response to the severe drought of 1864-1865 in South Australia (Meinig, 1962) . Understanding of the drivers of Australian climate variability started with Charles Todd in the 1880s who related the co-occurrence of high atmospheric pressures over India and Australia to droughts in both countries. Sir Gilbert Walker in the early part of the twentieth century described the oscillation of atmospheric pressure between the Pacific and Indian Oceans and the linkage of this to rainfall in many regions; crucial to our modern understanding of the ENSO system which is the key driver of inter-annual climate variability across Australia (Gibbs and Maher, 1967) . The state of the ENSO system (i.e. in El Niño years) considerably alters the probabilities of droughts, particularly over eastern Australia but it is important to note that not all El Niño years are droughts nor do all droughts occur in El Niño years (McKeon et al., 2009) .
This understanding has expanded to climate drivers in other regions including the Indian and Southern Oceans (Ummenhofer et al., 2009 ) and across different timescales (e.g. the Pacific Decadal Oscillation: Mantua et al. (1997) ; Mantua and Hare (2002) ). Inclusion of these various drivers allows (within the limits of the various historical records and spatially sparse palaeoclimate records) characterisations of climate risk. In some cases seasonal forecasts are possible depending on the states of these drivers. These analyses demonstrate that Australian rainfall variability is the product of a complex web of global regional and local teleconnections with interactions between these teleconnections shifting the dominance of any individual driver on Australian variability (Folland et al., 1998 (Folland et al., , 2002 Crimp and Day, 2003; Robertson et al., 2006) .
In turn this information can be used to vary agricultural management to try to reduce risk or realise opportunities (Clewett et al., 1991; Nicholls, 1991; Meinke and Stone, 2005; Stone et al., 2003) . For example, seasonal climate forecasts are reported to be used by up to 50% of agricultural producers across Australia (Keogh et al., 2004 (Keogh et al., , 2005 . Somewhat ironically, just at the point where this climate understanding has become adequate to inform agricultural drought-management decisions, anthropogenic climate change now may alter the probability distributions of droughts, the drivers of these and the interactions between the various drivers ( Solomon et al., 2011 , IPCC, 2014 and in this way undermining both statistical and dynamic climate forecast accuracies. Crucially, climate change appears likely to not only increase the frequency of exceptional droughts and floods (Hennessy et al., 2008; Cai et al., 2014) , but also the intensity of these events as temperatures continue to rise (Nicholls, 2004) thereby challenging the capacity of both policy and management to cope. These potential changes will require Australian primary industries to respond both strategically and opportunistically in order to maintain current levels of production (Stokes and Howden, 2010) . This will in turn require ongoing development of the underpinning climate science in a way that integrates seasonal, decadal and multi-decadal climate information with improved biophysical, social and economic systems analyses as well as improved approaches for communicating this information across a broad section of the community.
In this paper we aim to learn from past experience to address some of the ways in which changing science contributions can enhance outcomes for the Australian agricultural sector in the face of this changing situation following a brief summary of evidence as to why drought is so significant in Australia.
The impact of drought on Australian agriculture
Drought is a socially-constructed concept and due to the large range of perspectives across society, definitions of drought abound; they range from simple rainfall deficiency-based approaches to the more recent sophisticated integrations of climatological, biological, hydrological, economic and social factors such as used in the past declarations of Drought Exceptional Circumstances under the National Drought Policy. The start and end of droughts and their spatial extent are particularly problematic to define McKeon, 1998, Botterill and Hayes, 2012) . For the purposes of this chapter we take an integrative perspective on drought that includes all the factors highlighted above.
Drought impacts on Australian agriculture in many ways. It reduces production in various agricultural sectors to well below levels experienced in non-drought years; as an example, Fig. 1 depicts production impacts of low rainfall during the winter cereal-growing season. Since 1973, in all but one of the eight years where growing season rainfall was at or below the 20th percentile, wheat production has been at or significantly below median levels. The outlier year of 2012 serves to demonstrate the importance of sub-soil moisture, accumulated from two prior years of 92nd and 60th percentile rainfall amounts (see also Fig. 2 ). The effects of extended drought are particularly significant where irrigation is practised as decreased water allocations reduces the production of irrigated crops such as rice and cereals which in turn increases prices, creates tension between different water users, and results in major and costly infrastructure such as desalination plants or new water distribution systems.
Agricultural production impacts from drought can encompass both a reduction in the farm's cash income and an increase in debt from investment for future climate variability. incomes to drop by up to 40% compared to the previous financial year and contributed to a reduction in GDP of about 1% (ABARE, 2004 Qureshi et al., 2013) . Rural economies and communities are also impacted by drought. Statistical analysis in rural communities has shown that up to onethird of the economies of small towns is directly fuelled by farm expenditure (DAFF, 2008) . Drought impacts on these small towns in many ways; for example, loss of employment causing worker relocation and reduced income potential for local businesses, reducing populations (especially young people) with subsequent reduced social networks, community activities, volunteering and community engagement. This builds isolation of remaining rural families, leading to increased stress and the breakdown of familial relationships. Social and psychological impacts often follow; for example, drought stress is associated with increasing suicide rates of middle-aged males in farming communities (Hanigan et al., 2012) and in other cases can increase costs of counselling, health treatment and other social costs (Logar and van den Bergh, 2013) .
Drought has significant impacts on soil and vegetation, with some of these impacts being effectively irreversible over the timehorizons usually used in agricultural management decisions (McKeon et al., 2004) . Amongst many other issues, drought reduces vegetation and litter cover of the soil, exposing it to subsequent wind and water erosion which impact both on-site and off-site including through dust storms (Webb et al., 2009) . One of the increasingly important aspects of this is the potential loss of soil carbon and biomass carbon via droughts which may impact on the ability of landowners to claim either voluntary or market-based carbon credits. One of the key causes of loss of above ground carbon is fire; and fire hazard is increased through drought periods, with drying of fuel and increased incidence of high temperatures and low humidity. Fires can also impact on agriculture through loss of stock and crops, infrastructure, feed and occasionally human life.
The environmental costs of drought encompass damage to wildlife and fish habitat, animal disease, loss of biodiversity, loss of wetlands, deteriorated water and air quality, reduced quality or loss of recreational sites, and aesthetic impacts (Hammer et al., 2000) . Health costs primarily arise from an increased risk of diseases, stress-related conditions and malnutrition related to loss of income.
These widespread and pervasive impacts of drought and climate variability could be argued to have been imprinted on our national psyche and give rise to how we see ourselves as a nation: a sunburnt country, a land … of droughts and flooding rains (Dorothea Mackellar: 1885 -1967 .
Farmer and institutional responses
Unsurprisingly, given the scale of the above impacts, the Australian agricultural community has become increasingly adept at managing climate variability and at using effectively climatelimited resources such as water. For example, water use efficiency of irrigated cotton cropping has improved by 40% over the last 10 years through water-management systems and as a result the yield increases (Hunt and Kirkegaard, 2011) . In addition, studies by Hochman et al. (2009a) as well as Hunt and Kirkegaard (2011) , for many sites across Australia, have shown similar proportional improvements by elite wheat farmers with on-farm yields increasing to be, on average, 77% of potential yield (which is estimated based on WUE of 21.4 kg grain/ha mm). At an aggregated level this results in much greater crop production per unit growing season rainfall, termed water use efficiency (WUE) which has risen markedly over the past decades (Fig. 2 ). These improvements have arisen from productive interaction between farmers and the research community developing and testing often farmer-led climate-risk management innovations such as minimum tillage, canopy management, dry sowing, drought-tolerant varieties and breeds, climate sensitive stocking rate adjustment amongst many others (Stokes and Howden, 2010) . There has also recently been expansion of cropping into the previously higher rainfall zones (Nidumolu et al., 2012) and this can also partly explain the increases in WUE in Fig. 2 .
A range of institutions have emerged to provide science to support effective climate risk management in agriculture, including the Bureau of Meteorology, CSIRO, State Government agencies such as the Queensland Climate Centre of Excellence, Catchment Management Authorities and their equivalents, farmer groups such as the Birchip Cropping Group and Landcare groups amongst others (Hammer and Nicholls, 1996; Hastings, 1993; Meinke and Hochman, 2000; Nicholls, 2000) . Similarly, a large number of policy responses have been explored and implemented, particularly over the past four decades (Fig. 3) . Prior to the 1960s national drought policies appear to have been reactive and fragmentary, due to drought predominantly being seen as a State issue (see Botterill, 2003 for a more complete history). The 1960s saw matching Commonwealth and State funding for drought in some situations. The first national approach was the Natural Disaster Relief Arrangements (NDRA) from 1971 which framed drought as a natural disaster. A watershed change in policy occurred in 1989 with the removal of drought from the NDRA due to a growing recognition that it was poorly targeted, distorted farm input prices and worked as a disincentive for farmers to prepare for drought (Keogh et al., 2011) . Following an extensive national review that included broadly-based science inputs, the National Drought Policy was announced in 1992 which framed climate variability as an expected part of the environment and a risk to be managed as per normal business practice. It had objectives of:
encouraging primary producers and other sections of rural Australia to adopt self-reliant approaches to manage for climate variability;
facilitating the maintenance and protection of Australia's agricultural and environmental resources base during periods of climatic stress;
facilitating the early recovery of agricultural and rural industries, consistent with long term sustainable levels.
Under each of the objectives, there is an underlying rationale for contributions by science: provision of the knowledge needed to explore and implement effective farm businesses, understanding of the interaction of climate factors and management on the condition of soil and vegetation resources and identifying boundaries of what may be considered sustainable systems. The initial programs under this policy included the Rural Adjustment Scheme (consisting of grants and interest rate subsidies) and the Drought Relief Payment (income support for farmers within drought-declared areas). In 1997, these were replaced by various programs based on 'Exceptional Circumstances' (EC). For an area to be declared subject to an EC event, the criteria included that the event be rare, severe (i.e. at least a 1-in-20 event), widespread, result in a rare and severe downturn in farm income over a prolonged period of time (that is, greater than 12 months) and not be predictable or part of a process of structural adjustment. Again, there is a clear rationale for science input into the drought declaration and revocation processes including both retrospective and prospective analyses of climate, soil moisture, feed availability, crop yield and farm economics (Stafford Smith and McKeon, 1998) . A focus by the science assessment bodies on increasing precision of analysis and the inclusion of multiple factors for declaration resulted in increasing resource demands for the analysis and presentation of data on which drought assessments were made.
There was also input from social science via the Rural Financial Counselling Service program. As can be seen in Fig. 3 , the EC program provided some $4.5 billion of assistance during the 'Millenium Drought' that occurred from 2001 to 2009 (Fig. 4) : the worst recorded drought in Australian history by some metrics (Verdon-Kidd and Kiem, 2009).
The perceived changing nature of droughts in Australia resulted in Commonwealth-State Ministers agreeing in 2008 that the EC arrangements were no longer appropriate in the context of a changing climate and that alterations to drought policy were needed to ensure farmers increasingly prepare for seasonal and climatic variability and change (Keogh et al., 2011) . Crucial science inputs into this included: 1) assessment that there is a projected increased risk of severe drought over the next 20-30 years due to reduced rainfall and increase potential evaporation, 2) the current definition of 'Exceptional Circumstances' based on the historical climate record being out of date due to changes in the underlying probability distributions of drought and, 3) that farmers needed progressively updated information to be able to change their climate risk management in an ongoing way (Hennessy et al., 2008) . This need for change was supported by economic analysis that indicated that some of the EC programs (interest rate and fodder and transport subsidies) were ineffective, perversely encouraged poor management practices and were inequitable. Social science input suggested re-framing the approaches from crisis-assistance to early intervention and preparation and planning for personal and family wellbeing to reduce farmer and community stress (Productivity Commission, 2009; Keogh et al., 2011) .
Consequently, in 2013 a new drought policy was implemented that had the basic elements of a farm household support payment, taxation measures including enhancements to the Farm Management Deposits Scheme, a national approach to farm business training and a coordinated, collaborative approach to the provision of social support services and tools and technologies to inform farmer decision-making in a variable and changing climate. Science has potential roles in terms of input into the training, climate information provision and tools, effective social and biophysical monitoring systems and enabling risk management technologies.
This brief history of changes in drought policy demonstrates an evolution of approaches to deal with drought in Australia which Fig. 4 . The evolution of science input to dealing with drought in Australia.
progressively involve different types of science (Fig. 4) . Broadly this has changed from science with a focus on climate inputs to a focus on people and outcomes, from a physical science activity to integration of biophysical science with economics and social science, from a focus on resource-demanding classification of drought that reactively triggers inappropriate support mechanisms to science-based approaches that build adaptive capacity and proactively manage risk. In the following part of this paper we outline our perspectives of the developing science needs over the next decades.
Climate data, analysis and delivery
High quality and continuing collection, maintenance, distribution and analysis of climate data will continue to be a core activity over the next decades. This has been crucial information for climate decision-making from the time of the establishment of Goyder's line onwards, not only to frame and quantify climate risk but also to understand drivers of climate and to provide robust climate forecasts at a range of scales, regardless of whether using statistical or dynamic models. SILO is an example of an effective, demand-driven distribution system: a seamless, national database of daily climate records (Jeffrey et al., 2001) continuous from 1890 to the present, delivered in multiple formats to researchers, policymakers and farmers including via smartphone apps. However, for many farm-level decisions, climate change is increasingly making a less robust reliance only on the risk assessment using the approximately 100-year climate record. For example, in the cropping region around Emerald, progressive and large reductions in frost incidence over a long period mean that simulations of cropping decisions using frost risk based on the entire 100-year climate record almost halved the gross margin when compared with a cropping strategy that used frost risk based only on the previous decade of experience (Howden et al., 2003) . This is because the 100-year frost risk strategy understates risk in the early part of the climate record resulting in high levels of crop damage whilst overstating the risk in the latter part of the record, resulting in underperformance in production. Hence, a flexible strategy using shorter climate data 'windows' as the climate changes resulted in a more productive, profitable and less risky system than using the whole 100 years of record. The situation in south-eastern Australia is different, with increases in frost risk over the past decades, requiring more risk averse but flexible strategies: not the 100-year frost risk . Similarly, the existing and prospective uncertain increases in drought as a function of climate change (Hennessy et al., 2008) resulted in recognition that the probability-based component of EC assessment (a 1-in-20 year event) was no longer a robust operational criterion, contributing to the finalisation of the EC system. The policy that replaced it was re-framed to avoid the same climateprobability-based definitional constraints. These examples make for some interesting considerations in relation to the value of the investment in converting old paper-based climate records to more accessible computer-based data such as occurred in the CLIMARC project.
Clearly, it is not enough to just collect climate data as the value embedded in this is realised only when this data is analysed, converted into agriculturally-meaningful metrics such as probabilities of pasture or crop yield or livestock performance (White et al., 1998; McKeon et al., 2004) , indicators of bio-economic performance (Kokic et al., 2007; Nelson et al., 2005) or risks of degradation (Carter et al., 2000) and then delivered to decisionmakers in appropriate formats in a timely manner. These steps require the integration of biophysical, economic and social sciences: the latter particularly important in developing appropriate user-engagement strategies that link closely the users and producers of climate information so as to address the correct time and spatial scales and climate variables and embed this information into the social and institutional processes through which decisions are made . Most of this capability was developed during the 1980s and 1990s although the industry and policy support for this had been intermittent.
Understanding drivers of climate variability over different timescales
Enhancing the understanding of the various drivers of climate variability will continue to be an important element of improving climate risk management. It is important to reflect that it is only 25 years ago that reliable weather prediction was available only for 2-3 days ahead and seasonal climate forecasts were treated with scepticism due to a lack of broad understanding of the basic processes such as the El Niño Southern Oscillation (ENSO) system. Now there is a broad understanding in the agricultural industries of how Australia's highly variable climate is influenced by complex interactions with a number of climate phenomena including ENSO, the Indian Ocean Dipole (IOD), the Southern Annular Mode (SAM), the quasi-biennial oscillation (QBO) and Inter-decadal Pacific Oscillation (IPO) (White et al., 2003; Verdon-Kidd and Kiem, 2009 ). These climate drivers interact with natural changes in the environment such as variations in solar radiation and geological events such as volcanic eruptions, as well as anthropogenic forcing due to greenhouse gas accumulation, chemical and aerosol use, and ozone depletion (McKeon et al., 2009) . The interaction of these climate variables causes a number of recurring extreme climate events such as flood, storms, and drought as well as graduated shifts in mean conditions (CSIRO and BoM, 2007) . Nevertheless, the enhanced understanding of the drivers has not necessarily translated to marked improvements in forecast ability or utility with predictive skill of recent models being only slightly improved over that available in the first generation of seasonal climate forecast applications (Clewett et al., 1991) . Stakeholders consistently report that they would like improved reliability and longer lead times in seasonal climate forecasts (Ash et al., 2007) and even if that occurs it is not a foregone conclusion that such forecasts will result in enhancement of sustainable agriculture, welfare or equity (Rickards et al., 2014) .
In contrast, stakeholder feedback often reveals that the timeframes usually used for climate change analyses (i.e. the years 2050, 2070, 2100) are too long for their decision timeframes . Most strategic agricultural decisions have a maximum time-horizon of ten or occasionally twenty years. This is a challenge for GCMs because for key climate variables relating to drought such as rainfall, the climate change signal does not emerge from the noise until about 2040: which does not match well with the capacity of the models to deliver. Importantly, the rate of improvement in key variables to agriculture appears to be quite slow (Ramirez-Villegas et al., 2013) . More importantly, there are already changes in key climate drivers such as the sub-tropical ridge, cyclones, ENSO, land-surface feedbacks and enhancement of the hydrological cycle which are not well-simulated in GCMs (Christiensen et al., 2007; Hegerl et al., 2007; Kent et al., 2011; Durack et al., 2012; Guilyardi et al., 2012) and thus contribute significantly to the uncertainty of future projections (Hallegatte, 2009; Wilby et al., 2009 ) with little likelihood of resolution in the near term (Hallegatte, 2008 (Hallegatte, , 2009 ). In contrast, there are some large infrastructure decisions such as dam construction and irrigation system development that have expected lifetimes of several decades which can feasibly be informed by the existing GCM-based climate projections in tandem with other analyses.
In many cases these are public investments rather than private ones which characterise agriculture in Australia. For example, in Western Australia process-based understanding of existing rainfall reductions in concert with projections of further future change contributed to the confidence needed for large government investment decisions in relation to construction of dams and desalination plants, changes in groundwater use policy, water trading, wastewater recycling, improved catchment management processes, demand-side management and education and broadscale water-resource management reform (Bates et al., 2008) .
Consequently, the capacity to deliver robust and useful forecasts is either too short (current seasonal climate forecasts which are useful for tactical decisions) or too long (current climate change analyses) for most strategic operational decisions in agriculture and other sectors. This has started to initiate discussions as to the capacity of the science community to deliver multiyear or decadal scale climate forecasts, with attempts to do this via both statistical and dynamic approaches (White et al., 2003; Cane, 2010) . We anticipate significant focus on this in years to come.
System analysis, decision support systems and drought technologies
To assist producers' decision making, climate information is often converted into factors of more direct interest such as yields, economic benefit or livelihood options through a climate-oriented decision support system (DSS) that systematically combines climate data with other information to assist with multi-factorial decisions of the sort agricultural producers need to make in relation to drought (Nelson et al., 2002) . Many such systems have been developed for agriculture, often with high hopes and considerable effort (Hammer et al., 2000; Jakku and Thorburn, 2010; Cobon and Toombs, 2013) . Although these aspirations for DSS have largely been unmet (Hayman, 2003; Matthews et al., 2008) , DSS can serve as valuable boundary objects when embedded into the social and institutional processes through which decisions are made (Matthews et al., 2008; Maricle, 2011) for example by facilitating inter-personal interactions between producers, researchers and extension agents (Cash et al., 2006 (Cash et al., , 2003 Jakku and Thorburn, 2010; Duru et al., 2012; Leith, 2011; Dilling and Lemos, 2011; Moser and Dilling, 2011) .
In contrast to the expectations of the researchers involved, the main value of DSS to producers for drought management may be primarily pedagogical rather than informative. For example McCown (2012) and McCown et al. (2012) found that producers in Northern Australia used the DSS as an exploratory tool to refine their management heuristics (rules-of-thumb), and then discontinued DSS use to focus on applying their new, personalised mental-models of decisions -a process found even for the very first decision support system (SIRATAC) in the 1980s (Hearn and Bange, 2002) . Such an outcome highlights that producer decision making is strongly framed in terms of local knowledge and pragmatism, not necessarily detailed climate information (Rickards et al., 2014) . The interaction between farmer heuristics and sophisticated simulation models can also be planned. For example, in south west Queensland rangelands, the specialised knowledge of both researchers and graziers was combined through intensive science-based engagement processes to develop a decision-support suite for grazing management scaleable from the farm (heuristics combined with coarse climate data) to policy levels (spatial simulation and probabilistic analysis: Carter et al., 2000) based on a unifying understanding of grazing system processes (Johnston et al., 2000) . Nevertheless, there is a new generation of DSS emerging that is farmer-owned and designed and that delivers near-real time and highly contextual (i.e. specific decisions for specific fields) probabilistic information on outcomes of specific farming decisions. One example of this is the Yield Prophet system which is owned by the Birchip Cropping Group, commercialising the power of a sophisticated, well-validated farming systems model with a tailor-made internet interface (Hochman et al., 2009b) . The current trends towards increasing climate variability and change suggest that farmers will increasingly have to adopt flexible approaches and DSS can be a core part of exploring new options without the risk of on-farm trial and error.
In addition to information systems for drought management, there is a long-term recognition of the need to have a range of other technologies. Past efforts include crop varieties with attributes such as low transpiration, stay-green, early vigour, short season cycle, deeper rooting and management options such as dry sowing, skip rows, canopy management, stubble retention, fallow moisture storage, weed control, efficient sub-soil irrigation (e.g. partial rootzone drying) amongst many others. In livestock systems these include breeding of heat resistant but productive lines, feed management and provision of shade and cooling amongst others (Lee et al., 2013; Stokes and Howden, 2010; Wasson et al., 2012; Chapman et al., 2012) . Together, these types of technologies can provide farmers with options that allow them to better manage climate uncertainty through flexible implementation of 'robust' strategies that reduce stress (Wilby and Dessai, 2010) . However, these approaches usually involve trade-offs in production and profit as they are not intended to 'optimise' these factors -something that requires lower levels of climate uncertainty than seem likely for Australian farming over the coming decades.
For DSS to be successful there is mounting evidence that they need to be embedded into the social and institutional processes through which decisions are made (Matthews et al., 2008; Maricle, 2011) . This provides some clear challenges for current research on adapting to future climate changes and the associated expected increase in frequency and severity of droughts: neither the future adaptation community nor the social or institutional adaptation pathways exist as yet. In fact, none of the basic requirements for adoption of innovation (Rogers, 1962) are easily met: relative advantage, compatibility, simplicity, trialability and observability. We anticipate considerable focus on this topic over the next years.
Social science
Whilst the hardship that drought causes is implicitly recognised and provides a basis for past policy responses, it is not until the early 1990s that the social science perspectives of drought hardship and farmer and community stress started to be more explicitly assessed (Stehlik, 2005) resulting in public and policy interest concerning the relationship between drought and rural mental health, including suicide (Hanigan et al., 2012; Guiney, 2012) . Similar concerns about rural suicide exist in other nations such as India (Sainath, 2013) .
There are several mechanisms through which droughts may increase the suicide rate. First, droughts increase the financial stress on farmers, their families and farming communities (even if partially compensated by drought relief welfare payments). Such difficulty may occur in conjunction with other economic stresses, such as rising interest rates, falling commodity prices, or an unfavourable foreign exchange rate. This may affect the broader economic system, depress economic activity in rural towns or across whole regions, accelerating migration to metropolitan areas, weakening and stressing social support systems and lessening social interaction. In some cases, rural depopulation may pass a tipping point, leading to an ongoing loss of critical services, such as hospitals, schools and doctors. Second, there can be a substantial psychological toll during and following environmental degradation (Speldewinde et al., 2009 ) and this may be acute during droughts, being linked with decisions and actions to sell or kill starving animals or to destroy orchards and vineyards, which in some cases were developed over generations. Such loss, and even the apprehension of loss, can place a burden on the mental health of farmers and their families and can extend to other sections of the community likely to be impoverished by long-term environmental degradation.
The number of studies that have examined the relationship between suicide and drought in Australia is limited but there appears to be a clear linkage. One analysis of annual suicide rates in New South Wales (NSW) found an association between suicide and year-to-year decline in annual rainfall between 1964 and 2001 (Nicholls et al., 2006) . In that study a decrease of 300 mm of rain was associated with an increase in suicide rate of about 8% above the mean annual rate. A longer-term study in NSW (for the period 1901-1998), found that drought years were associated with an increased suicide risk of about 7% for men and 15% for women, across the whole population (Page et al., 2002) . This in part contrasts with a more disaggregated study using 38 years of data to explore potential drought effects, especially on farmers and farm workers (Hanigan et al., 2012) . The drought exposures were calculated from climatic data for 11 subregions of NSW, and stratified by rural/urban region, age and gender. A strong association between drought and suicide was observed in rural males aged 10-49, with an estimation that around 9% of rural suicides in males aged 30-49 were due to drought over the entire study period. This estimate is an average over the course of the 38 years of the study, as the majority of years are not droughtshence, the percentage is much greater than 9% in the actual drought years, since these are episodic and confined to a distinct minority of years. The statistical model used in the study also controls for other well-known trends in suicide data, including that times of unusually high maximum temperatures increased suicide risk (Qi et al., 2009) , that there is an increased risk in spring and early summer, and that there has been a marked drop in suicide rates over the last decade. Surprisingly the study showed that suicide risk decreased in rural females aged over 30, raising interesting questions as to the possible causes including the effects of social networks in reducing isolation.
Social science also has a role in highlighting some of the deeper and more complex discourses about drought. For example, the 'Millenium Drought' proposals from the regional water corporation arose to build the large Tillegra Dam in the Hunter Valley to 'drought-proof' the region, including taking into account projected reductions in rainfall. However, local opposition to this proposal developed based around concerns about harmful effects involving environmental, economic and ethical perspectives, the existence of alternative, cheaper demand-side options and questions about the longer-term need for the dam even given expected climate changes (Sherval and Greenwood, 2012) . The way in which different stakeholder arguments were framed and communicated appears to have influenced the outcome against the dam going ahead. This case highlights the increasingly important role that communities can play in altering institutional decision making. It also highlights how fixed attitudes, institutions and thresholds are probably maladaptive given changes in social attitudes and communication modes and climate risk profiles.
The importance of inclusion of social aspects has also been demonstrated by studies of adaptive capacity by Nelson et al. (2010a Nelson et al. ( , 2010b which show that lack of financial, social and human capital and limitations to substitutability between these are the main determinants of vulnerability to climate risk rather than natural or physical capital (e.g. infrastructure) which have often been the focus of past drought definitions and policy. Factors that reduce vulnerability include the willingness to adopt new technologies, good farmer networks and sense of rural community, sufficient off-farm income and enterprise diversification (Nelson et al., 2010a (Nelson et al., , 2010b ) whilst managerial and planning ability are also important (Marshall et al., 2013) . Factors that enhance vulnerability include poor succession planning, restrictive farm business size, poor equity to debt ratios and increasing cost of production and labour costs.
There also appears to be a propensity for drought stress to repeat itself through what is termed the hydro-illogical cycle (Wilhite, 1993) . This suggests socially conditioned, repeating cycles of drought, followed progressively by awareness, concern, panic, rain and finally apathy which limits the instigation of learning or institutional change or other activities that can break the cycle. In a climate like that of Australia where there are both quasi-biennial and quasi-decadal climate oscillations related to drought (White et al., 2003 ) the hydro-illogical cycle can be reinforced as the interdrought spells can be just long enough to erode personal, social and institutional 'memories' of the drought. We hypothesise that the repetition of major degradation episodes in Australia (McKeon et al., 2004 ) is a psycho-climatic phenomenon that arises when expectations of forthcoming conditions are not aligned with climate and agricultural system realities especially when economic or other external conditions create incentives for misjudging the risk-return of farm management options.
Value chain analysis
Research on climate risk in Australian agriculture and elsewhere has predominantly focussed on farm level decisions, productivity and profitability with very few studies addressing pre-or post-farmgate aspects (see Stathers et al., 2013 for developing country examples) except at aggregate levels. Arguably, there is a range of climate factors that can affect input supply chains such as those dealing with type and amounts of fertiliser, herbicide, insecticide, fungicide, seeds, machinery and other inputs. Similarly, there are arguably climate-related impacts on the availability, quantity and quality of farm-level outputs that can effect distribution and storage, manufacturing options, other agricultural industries (e.g. feed grain supplies for the feedlot industry) and through various feedbacks, the rural communities and the regional and broader economy. This could be a key area for new research into drought management because as well as the above relationships, many decisions at farm level are influenced by expectations of conditions in value chains both before and after the farm enterprise some of which can be expressed through decisions such as forward selling (Jackson et al., 2009) . One example of more integrated value chain studies including climate forecasts is that of the Australian sugar cane industry. This industry consists of tightly linked grower and processor arrangements which aim to: 1) reduce variability in supply to the sugar mills having limited capacity which can be exceeded by cane supply during the peak of the growing season but at the same time need to operate at nearly full capacity for efficiency reasons and thus cannot afford to be under-supplied, 2) extend the sugar production season as much as possible, stretching it into suboptimal shoulder periods for growers and 3) maintaining cane with high sugar content. Climate, and hence climate variability, has strong influences on all of these factors and inclusion of seasonal climate forecasts has been shown to help with cane production scheduling, providing benefits to growers, processors and distributors (Everingham et al., 2008) .
By taking a whole-value chain approach when examining the role of climate variability and change on production risk we will be able to develop adaptive management strategies that are effective across multiple nodes of the chain and reduce the implementation of risk management strategies that result in disruptions across the chain.
Conclusions
The science input into managing droughts in Australia has evolved markedly as both knowledge and policy perspectives have matured. To date this has resulted in changes from science with a focus on climate data to a focus on people, communities and outcomes, from a physical science activity to integration of biophysical science with economics and social science to deliver to specific policies. This shift in approach has resulted in a deemphasis of classification of drought and triggers for action to one of developing science-supported approaches that build adaptive capacity and proactively manage risk. Science has also had a role in re-framing drought from a natural disaster requiring crisis management to a normal part of farm operation and the associated fundamental changes in policy that consequently follow. Further alignment of science with societal need can be achieved through expanding the unit of study to value chains rather than single enterprises, to stronger involvement of social science to better understand the increasingly complex discourses in which drought is embedded, and to designing improved engagement and delivery systems which are more inclusive of the knowledge of all stakeholders. Self-critical evaluation of success and failure of science in delivering enhanced outcomes will become increasingly important. A particular and growing challenge will arise from climate change and the uncertainties surrounding this. Climate changes will alter the frequency and intensity of drought, resulting in new and evolving risk profiles, requiring development of approaches that manage uncertainty rather than managing quantified risk. It will also require new and forward-looking investment in climate change adaptations to overcome the lack of immediate demand so that innovative ways of dealing with the changed drought regimes are available and understood when the demand arises. As managing drought in a changing climate will be a journey rather than a destination, there will be a need for ongoing revision of institutional arrangements as fixed thresholds and responses based on past situations will likely be increasingly inappropriate over time.
